T he first human gene transfer effort was a tumorinfiltrating lymphocyte (TIL) marking study led by Dr Steven Rosenberg of the NCI, NIH.
1,2 Following a recommendation for approval by the NIH Recombinant DNA Advisory Committee (RAC), this protocol was approved by the NIH director in 1989 for the purpose of tracking lymphocytes in the immunologic treatment of melanoma and renal cell cancer. After 14 years, investigators studying gene therapy approaches to treating cancer have not yet received FDA authorization to market a gene therapy agent demonstrated to be safe and effective in the treatment of cancer. Although this track record is not too different from the other biological agents used in the treatment of disease (e.g., the development of monoclonal antibodies), questions remain about the potential of gene therapy to improve the treatment of cancer. At the Eleventh International Conference on Gene Therapy of Cancer (December [12] [13] [14] 2002 , San Diego, CA, USA), the progress of the field and future prospects were summarized. The conclusion from a review of the literature and the most recent advances is that the success of cancer gene therapy is closely tied to our imperfect understanding of the human cancer biology. Furthermore, the development of gene therapy directed to cancer has helped advance cancer research, and may yet lead to the development of new tools for palliation, treatment, and, hopefully, a cure.
Before summarizing specific issues related to the gene therapy of cancer, it is perhaps worthwhile to indicate why cancer gene therapy was launched with such fanfare 14 years ago. Cancer is a genetic disease in which individual cells demonstrate mutations in genes related to growth control and apoptosis, and have functional alterations that support their ability to invade and metastasize. 3 The interaction of cancer cells with their microenvironment, including extracellular matrix, cells of the immune system, and cells necessary for induction of angiogenesis to sustain tumor growth, is a critical component of tumor growth. Thus, there are many potential targets in which introduction of new genes, and inactivation of active or defective genes, can limit or eliminate the growth of tumors. As our understanding of cancer biology and tumor-host interactions becomes more sophisticated, the number of targets grows, and the rationale for gene therapy approaches to cancer strengthens. Consequently, the field of cancer gene therapy is attracting a growing cadre of talented and creative individuals who see gene transfer as the most direct and rational way to alter specific gene functioning in both the host and tumor. There has been disappointment that some of the targets are not as easily inactivated as theory would predict, and the actual delivery of gene therapy in a completely safe and efficient manner has turned out to be a very complex task. Nonetheless, it remains clear that the rationale behind cancer gene therapy is still as strong as it was 14 years ago.
There are three major recurring themes in cancer gene therapy. The first is the design of strategies to kill or slow the growth of cancer cells (see Table 1 ); these can be targeted either to the cancer cells themselves, or to the host. The second is the development of vectors and delivery systems for gene transfer that are safe, efficient, and, to the extent possible, targeted. The third major theme is the translation of preclinical studies into clinical protocols and trials with which to test the safety and efficacy of cancer gene therapy.
Strategies for gene therapy of cancer
As noted above, our success in developing strategies for gene therapy of cancer is closely tied to understanding of the biology of human cancer. As our understanding of tumor biology has advanced, the strategies employing gene transfer to treat cancer have become increasingly efficient. I will first summarize the general approaches for targeting cancer cells themselves, and then describe approaches to altering host responses that facilitate the development of cancer.
Strategies directed to the cancer cells
The most obvious way to target growth regulation in cancer cells is to introduce tumor suppressors that may be inactivated in specific tumors. Since the most commonly inactivated tumor suppressor in cancer cells is p53, this has become an obvious first target for cancer gene therapy involving tumor suppressors. A number of different viral vectors expressing p53 have been constructed, especially using adenovirus backbones. These vectors have been shown to increase p53 levels in cultured p53-defective cancer cells resulting in cessation of cell growth or induction of apoptosis in synergy with chemotherapeutic agents such as cisplatin. 4, 5 This approach has entered clinical trials with an adenovirus vector expressing p53 called ''Advexin'' by John Nemunaitis and colleagues (for a review, see Nemunaitis 6 ) in treating squamous cell carcinoma of the head and neck (SCCHN).
Other tumor suppressors have been introduced into cancer cells by gene transfer including Rb 7 and mda-7 (melanocyte differentiation associated antigen-7). The latter appears to suppress tumor growth and induce apoptosis and has recently been shown to be identical to interleukin-24, which is a Th1-specific cytokine that induces the immune system resulting in antitumor and proapoptotic responses. 8, 9 Efforts to identify additional tumor suppressors, particularly in lung cancer, which has proved relatively intractable to more standard therapies, have resulted in the isolation of three genes that map to the region of loss of heterozygosity (LOH) on chromosome 3p identified by comparative genomic hybridization (CGH). 10 These genes, termed Fus1, 101F6, and NPRL2, whose expression is more potent than p53 in inhibiting tumor growth in vitro, are currently being characterized. In a similar strategy, expression of dominant-negative oncogenes and dominant-negative versions of other growth-promoting genes can be used to inactivate the function of important oncogenes in cancer cells. [11] [12] [13] Induction of apoptosis, which is relatively defective in most tumor cells, is another possible strategy to kill cancer cells, either directly, or in combination with modalities such as radiation and chemotherapy, which are capable of inducing apoptosis. John Reed 14 has reviewed the three common pathways for induction of apoptosis: the TNF, TRAIL, Fas pathway; the cytotoxic T-cell pathway through perforin; and the mitochondrial pathway through BAX (stimulates apoptosis) and BCL-2 (inhibits apoptosis). 15 These pathways work through a common pathway involving caspase 3, and there are various cellular inhibitors of the common apoptotic pathway, termed IAPs. The three unique pathways, and the common pathway, including its inhibitors, are all potential targets for anticancer gene therapy or drug therapy. Strategies targeted to BCL-2 (antisense, siRNA), increase of BAX and its cogeners, and inhibition of the IAPs are all potential approaches.
One of the most exciting new kinds of cancer gene therapy is the use of viruses that replicate only in tumor cells, also known as oncolytic viruses. This work began with the discovery that adenovirus lacking E1B would not grow in normal cells, but would grow in cells lacking p53, a common characteristic of cancer cells. The E1B deleted adenovirus, ONYX-015 [16] [17] [18] has been successfully used as an adjunct to the local control of SCCHN, and is currently under evaluation for other cancers. Newcastle Disease Virus, a virus of birds, can replicate in human cancer cells, but only very poorly in normal human tissues. Hence, it, too, is undergoing clinical trials. 19 The development of replication-competent retroviruses (RCR), barring an unacceptably high incidence of insertional mutagenesis events resulting in cancer (see Discussion below of serious adverse events associated with retroviral gene therapy), might also prove useful for infection and spread in tumors with a sizeable population of dividing cells, since all retroviruses, with the exception of the lentiviruses, require cell division to complete their life cycle of reverse transcription and integration into the genome. The objective in this instance is to target tumors surrounded by nondividing normal tissue, such as gliomas in the brain, and after the virus has spread throughout the tumor, to use a suicide selection gene to kill the infected tumor cells. 20 One serious concern is that RCR could enter the circulation and infect dividing cells at a distance from the tumor. The presence of a suicide gene in a retroviral vector confers some measure of protection, which is not complete, against inadvertent insertional mutagenesis events that activate oncogenes. Suicide For viral vectors that are introduced into the circulation, it is essential that there be targeting of the virus (see below) or targeting of gene expression to the tumor. A number of systems have been described which are quite specific in targeting expression of suicide genes or tumor suppressors to specific cancers, such as vectors carrying pancreatic cancer-specific 22, 23 and prostate cancer-specific 24,25 transcription units.
As noted above, a very powerful tool for treating cancer is the sensitization of cancer cells to treatments such as radiation and chemotherapy, which are known to be effective cancer treatment in their own right. In the case of radiation, local control of tumors can be achieved by combining proapoptotic regimens (expression of BAX, or TNF-alpha) with radiation. 26 In addition, combinations of traditional chemotherapy with expression of tumor suppressors such as mda-7 may prove useful in enhancing tumor kill in tumors to which the suppressors can be targeted by direct injection.
Cancer gene therapy directed to the host
As already indicated, cancer cells tend to develop resistance to anticancer agents, but host cells whose function is essential for tumor development might prove to be better targets because they are less likely to mutate. Three general strategies have been tested: targeting the tumor angiogenic pathway; protecting normal tissues, especially bone marrow, from the toxic effects of chemotherapy; and modifying the immune system. Angiogenesis can be inhibited by constitutive expression of inhibitors of angiogenesis such as angiostatin, endostatin, and pigment-epithelial derived factor (PEDF). As reported at the meeting by Patrick Lu (Intradigm Corporation), VEGF and the VEGF receptor can be targeted with antisense or siRNA. These approaches require relatively long-term treatment, at least until regression or apoptosis of tumor cells deprived of their vasculature.
Much is known about the genes that contribute to resistance to chemotherapy in cancer. Some of these genes, including the ATP-binding cassette transporters MDR1 and MRP1 that act as energy-dependent drug efflux pumps for many natural product anticancer drugs, 27 and a mutant form of the enzyme dihydrofolate reductase (DHFR), which confers resistance to methotrexate, 28 have been shown to confer resistance on normal human tissues such as bone marrow, and to protect transgenic animals from the toxic effects of these drugs. Based on these studies, attempts to protect normal marrow in patients undergoing bone marrow transplantation have been made using retroviral vectors carrying the MDR1 gene. 29 Although some selective advantage has been attributed to cells carrying this gene, complete protection of bone marrow has not been possible because of the relatively low frequency of transduction.
The immune system has proved to be both a common and potentially useful target in cancer gene therapy. Therapies have been targeted to immune effector cells including dendritic (antigen processing), natural killer (NK) cells, and CD8 cells. Introduction into these cells of cytokines or exposure to cloned antigens that amplify their immune reactivity are under development. 30, 31 Cancer vaccines based on modification of the tumor cells themselves by cytokines such as GM-CSF, which stimulate the immune system, have been shown to be effective in preclinical models 32 and have entered clinical trials.
Vectors and gene delivery systems
The search for ways to introduce genes into cancer cells led to many advances in viral and nonviral vector development ( Table 2 ). The viral vector most commonly used in cancer gene therapy is the adenoviral vector because of the ease with which high titer lysates, free of wild-type virus, can be prepared, and this virus' broad spectrum of tissue tropism in humans. 33 Also, it is possible to alter the surface fiber proteins to change tissue tropism, 34 and since quite a bit is known about the regulation of adenoviral gene expression and the function of adenoviral genes, it has been possible to substitute tissue-specific promoters to allow cancer-specific gene expression. One recent advance in changing the tropism of adenovirus is the introduction of a biotin-binding protein into the major fiber protein that can be used to attach via a biotin-avidin system-specific ligands for cell targeting (Michael Barry, Baylor College of Medicine). The disadvantages of using adenovirus for gene therapy are well known: high immunogenicity, proinflammatory effects, and lack of stable integration. The death of a research participant enrolled in a gene therapy clinical trial for ornithine transcarbamylase deficiency 35 that occurred following intrahepatic artery administration has been largely attributed to an adenovirus-induced systemic immune response with coma and respiratory failure; 36 however, systemic responses to adenovirus including fever, hypotension, and coagulopathies are not uncommon. 37 As noted, retroviruses continue to be used as possible gene delivery vehicles, although recent events raise concerns about insertional mutagenesis. Although titers are much lower than adenovirus, the use of RCRs may prove a valuable adjunct allowing local spread of retroviruses introduced into a tumor. A downside of this approach is the inability to deliver retroviruses systemically, but this can be overcome using hybrid delivery systems in which the retroviral gene is first introduced using a gutted vector such as adenovirus. 20 Lentiviruses, which do not require a dividing cell to integrate into the genome, are also under development for gene therapy. 38 As they are derived from HIV, particular care must be taken to package them in cell lines in which recombination to produce a replication-competent virus cannot take place. 39 For retroviruses in general, their obligate integration into the genome, while facilitating stable, long-term expression, is also mutagenic. In a clinical trial for X-linked severe combined immunodeficiency (SCID) using a retroviral vector, 40 at least two of the 11 children enrolled have developed leukemia secondary to retroviral insertion. One of these cases has been reported to date 41 and the NIH has provided information about the second case (see http://www4.od.nih.gov/oba/RAC/ X-SCID.htm). This raises serious concerns about the use of retroviral vectors for gene therapy in patients likely to survive their treatment.
Herpes simplex virus is receiving increasing attention because of its ability to replicate and kill cells very efficiently. When appropriately engineered, replication competent herpesviruses incapable of growth in normal human tissues can be shown to produce cytopathic effects and cell death in cancers. Herpesviruses may prove particularly useful for treatment of gliomas in the central nervous system because of their known tropism for nervous tissue. 42, 43 Although initially thought to be limited in ability to package DNAs, SV40-based vectors also show promise for gene transfer. The SV40 major capsid protein, VP1, can be used in vitro to package any supercoiled DNA up to 18 kDa in size. These DNAs are introduced at high efficiency into most cell types, especially those expressing MHC Class I, which is thought to be the major receptor for SV40. Expression levels are relatively low and transient, but for some purposes such as targeted introduction of toxin genes or siRNA, this may prove to be a useful vector system because of its ease of use, lack of antigenicity, and apparent safety (no integration, no inflammation). 44 A number of other viruses have been used over the past several years for gene therapy, including Newcastle Disease Virus (see above), vaccinia virus for tumor antigen expression, 45 and other orthopoxviruses, such as canarypox. 46 For nonviral delivery systems, most progress has been made using variations of lipofection. In this approach, DNA is associated with lipids and can enter cells either by endocytosis or by fusion with the cell membrane. One current system that appears to combine high efficiency of entry into cells via membrane fusion (avoiding the endocytic degradation pathway), with lack of toxicity and ability to be used intravenously, is the DOTAP:cholesterol system. 47 Modifications are in progress to coat the outside of these vesicles to prevent trapping in the lungs, and to allow targeting to specific tissues. For aerosol delivery of DNA into the lungs, polyethyleneimine (PEI) has been used with some success. 48 This may be a desirable approach to the treatment of lung cancer.
Bacteria are capable of invading tissues and can be used for the delivery of genes to cancer cells. John Nemunaitis (US Oncology) is spearheading a trial using Salmonella carrying cytidine deaminase genes as a possible prodrug activating system for patients with advanced cancer. 49 Finally, therapy with nucleotides, either by direct treatment of cells by systemic administration, or carried on various liposomes, has been a goal of gene therapy investigators for many years. Strategies that employ antisense RNA, ribozymes, or siRNA are under development. Progress in chemical modifications of polynucleotides to improve stability in vivo includes the clinical development of phosphoroamidate morphilino (PMO) nucleotides for antisense therapy. 50 Some large-scale clinical trials with antisense RNA will be completed in the next year to determine whether these approaches are effective in certain cancers in which clear molecular targets can be defined, such as leukemias and lymphomas.
Trends in gene cancer clinical trials
The NIH Recombinant DNA Advisory Committee has been overseeing human gene therapy since the first gene transfer marking trial in 1988. Data assembled by the RAC over these years gives a good sense of the changes in trends in targets for cancer gene therapy and in vectors used for clinical trials. Figure 1 shows that the majority of gene therapy trials have been directed at cancer (360 out of a total of 570 analyzed). Of these cancer gene therapy trials, fully half have been directed against five cancers: melanoma, prostate, ovary, squamous cell carcinoma of the head and neck, and leukemia (Fig 2) . These were chosen both because of specific opportunities to treat them based on the strategies outlined in Table 1 , but also because in some cases (cancers of the prostate, ovary, SCCHN), local control is a primary goal of cancer therapy. Trends in the use of vectors for gene delivery in 
Adverse events in the gene therapy of cancer
Three widely publicized serious adverse events, including one death, 36 has occurred in gene therapy of monogenic diseases and have been attributed directly to the gene therapy intervention. The definitive attribution of adverse events in cancer gene therapy clinical trials to the gene therapy product or to the underlying disease and/or concomittant interventions such as chemotherapy or surgery, however, is often difficult. In part, this is because of the fact that, to date, patients who are subjects for cancer gene therapy trials have a fatal, generally rapidly progressive disease, and it is often difficult to discern the negative effects of gene therapy against a background of pathology associated with cancer. Many cancer gene therapy protocols are written so that patients whose underlying disease progresses while on cancer gene therapy are removed from the trials; thus, if death occurs, it usually occurs off-protocol. A new emphasis on reporting serious adverse events associated with gene therapy trials that are unanticipated based on either the disease progression or the known side effects of the treatment protocols has revealed occasional severe inflammatory reactions associated with viral vectors and mild to moderate coagulopathies.
To facilitate reporting of serious, unanticipated adverse events, the FDA and the NIH have collaborated to harmonize reporting requirements. In addition, the NIH has worked with the FDA to develop the Genetic Modification Clinical Research Information System (GeMCRIS), a Web-accessible system for collecting and analyzing data about gene therapy trials. GeMCRIS will greatly facilitate our understanding of the science and safety of this field of research by permitting comparative analyses of data and cross-tabulations across all trials in the system. An important feature of GeMCRIS will be broad-public access -by scientists and patients alike -to these aggregated data, while protecting confidential commercial information through the use of firewalls and other security measures. GeMCRIS is currently being beta-tested at several major medical centers in the US and is due for release in the spring of 2003. 
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Final perspectives
It is clear that gene therapy of cancer is a very difficult undertaking. As researchers, we do not yet know enough about the biology of cancer, the host response to cancer, how the immune system works, or how to develop safe, efficient, and targeted vectors for gene delivery. Despite these reservations, some progress has been made in building infrastructure to study gene therapy; partnerships among industry, academia, and the government have resulted in substantial investments in a field that is yet to produce a cure or a marketable product. Furthermore, the concepts behind cancer gene therapy have encouraged investigators, both with medical and laboratory training, to think about and become involved in creative new approaches to the treatment of cancer.
Even for the pessimist, at a minimum the field of cancer gene therapy has provided proof of concept for the targeting of many new genes and gene products in cancer cells. Although these may not be targeted in the future with gene therapy, they may well be credentialed by the process of gene therapy of cancer, and become credible targets for anticancer drug development. For the more optimistic, the immediate future of cancer gene therapy would suggest increasing success in using cancer gene therapy as adjunct therapy in local control of many cancers. Although perhaps not capable of effecting cures, cancer gene therapy may prove useful in the incremental improvement of tools currently in use to treat cancer. For the most optimistic, the ''big hit'' is just around the corner; perhaps with an oncolytic virus or a replicationcompetent retrovirus carrying a suicide gene, a cancer will be eradicated. 
